As part of a National Aeronautics and Space Administration (NASA) MEaSUREs (Making Earth System Data Records for Use in Research Environments) Land Surface Temperature and Emissivity project, the Space Science and Engineering Center (UW-Madison) and the NASA Jet Propulsion Laboratory (JPL) developed a global monthly mean emissivity Earth System Data Record (ESDR). This new Combined ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) and MODIS (Moderate Resolution Imaging Spectroradiometer) Emissivity over Land (CAMEL) ESDR was produced by merging two current state-of-the-art emissivity datasets: the UW-Madison MODIS Infrared emissivity dataset (UW BF) and the JPL ASTER Global Emissivity Dataset Version 4 (GEDv4). The dataset includes monthly global records of emissivity and related uncertainties at 13 hinge points between 3.6-14.3 µm, as well as principal component analysis (PCA) coefficients at 5-km resolution for the years 2000 through 2016. A high spectral resolution (HSR) algorithm is provided for HSR applications. This paper describes the 13 hinge-points combination methodology and the high spectral resolutions algorithm, as well as reports the current status of the dataset.
Introduction
Land Surface Temperature and Emissivity (LST&E) data are critical variables for studying a variety of Earth surface processes and surface-atmosphere interactions such as evapotranspiration, surface energy balance, and water vapor retrievals. LST&E have been identified as an important Earth System Data Record (ESDR) by National Aeronautics and Space Administration (NASA) and many other international organizations (NASA Strategic Roadmap Committee #9, 2005; Global Climate Observing System (GCOS), 2003; Climate Change Science Program (CCSP), 2006 and the recently established International Surface Temperature Initiative) [1] .
Accurate knowledge of LST&E at high spatial (1 km) and temporal (hourly) scales is a key requirement for many energy balance models to estimate important surface biophysical variables such as evapotranspiration and plant-available soil moisture [2, 3] . LST&E data are essential for balancing the Earth's surface radiation budget. For example, a surface emissivity error of 0.1 will result in climate models having errors of up to 7 Wm −2 in their upward long-wave radiation estimates, which is a much larger term than the surface radiative forcing (~2-3 Wm −2 ) due to an increase in greenhouse gases [4] . LST&E are also used to monitor land-cover/land-use changes [5] , and in atmospheric retrieval schemes [6] .
LST&E products are generated with accuracies that vary depending on the input data, including ancillary data such as atmospheric water vapor, as well as algorithmic approaches. For example, certain Moderate Resolution Imaging Spectroradiometer (MODIS) products (MOD11) use an infrared (IR) split window algorithm applied to two or more bands in conjunction with an emissivity estimate based on the land classification to produce the LST. Conversely, other MODIS products (MOD21) [7] use a physics-based approach involving a radiative transfer model to first correct the data to a surface radiance, and then use a model to extract the temperature and emissivities in the spectral bands. This physics-based approach is also adopted for the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) measurements. Validation of these approaches has shown that they are complementary, with the split-window approach better suited over heavily vegetated regions, and the physics-based approach better suited for semi-arid and arid regions. Figure 1 shows an example of the ASTER Global Emissivity Dataset Version 3 (ASTER GEDv3) [8] and the UW-Madison MODIS Infrared emissivity dataset Baseline Fit ( UW BF) [9] mean emissivity at 9.1 µm over Africa for the summer season (July-September) between 2000 and 2008. There is good overall agreement between the two databases; however, each has their own benefits and drawbacks. For example, the ASTER GEDv3 is able to better capture the deeper quartz minimum at 9.1 µm compared to the UW BF, which has only one band available in this region (MODIS band 29, 8.5 µm) . For the UW BF database, the emissivity in the mid to long-wave region (8-12 µm) is not well defined, because MODIS only has three bands in this region (bands 8.5 µm, 11 µm, and 12 µm). This results in an imperfect spectral shape in the two quartz doublet regions at 8.5 µm and 12 µm. The advantages of the UW BF include its moderate spatial resolution (5 km), its uniform temporal coverage (monthly), and that its emissivities span the entire IR region (3.6-12 µm). In contrast, although there are more bands in the ASTER GEDv3 available to define the spectral shape in the mid-long IR region (five bands, bands at 8.3 µm, 8.6 µm, 9.3 µm, 10.6 µm, and 11.3 µm), there are no bands in the short-wave infrared (SWIR) region around 3.8-4.1 µm, which limits its use in models and other atmospheric retrieval schemes. On the plus side, ASTER GEDv3 has high spatial resolution (~100 m) and high accuracy over arid regions. In terms of temporal sampling, the MODIS product has been used to create monthly emissivity estimates, whereas constraints on the ASTER data collection limit the derived emissivity dataset to multi-year climatologies. By combining the two measurements, the Combined ASTER and MODIS Emissivity over Land (CAMEL) dataset takes advantage of the strengths of each dataset while mitigating the problems of each. NASA has recognized the importance of LST&E, and identified the need to develop long-term, consistent, and calibrated data and products that are valid across multiple missions and satellite NASA has recognized the importance of LST&E, and identified the need to develop long-term, consistent, and calibrated data and products that are valid across multiple missions and satellite sensors. Under the NASA Making Earth Science Data Records for Use in Research Environments (MEaSUREs) program, a monthly mean unified Low Earth Orbit (LEO) based Land Surface Emissivity (LSE) ESDR at 5 km has been produced by merging two current state-of-the-art emissivity databases, the UW-Madison MODIS based UW BF, and the Jet Propulsion Laboratory (JPL) ASTER GED Version4 (GEDv4) [10] , which is called the CAMEL. The CAMEL LSE ESDR has been further extended to hyperspectral resolution using a Principal Component (PC) regression approach similar to the UW high spectral resolution (HSR) algorithm [11] .
This document is the first part of a two-part series that will describe the NASA MEaSUREs LSE ESDR called CAMEL Version 1.0 [12] in detail, including their methodologies, data products, and technical aspects. Part II discusses the uncertainty determination and current validation efforts of the CAMEL database.
Data
In this section, the two input emissivity databases are introduced: the ASTER GEDv4 and the UW BF emissivity, along with the selected laboratory measurements that are needed for HSR application.
The ASTER Global Emissivity Dataset
In 2009, a level-3 mean, gridded ASTER Global Emissivity Dataset Verison3 (ASTER GEDv3) was generated using all ASTER clear-sky data available since 2000. The emissivity retrieval was based on an improved Temperature Emissivity Separation (TES) algorithm with a water vapor scaling (WVS) atmospheric correction approach [13, 14] . The ASTER GEDv3 is output on 1 • × 1 • grids at 100-m, 1-km, and 5-km spatial resolutions. The product has been validated extensively over a set of pseudo-invariant sites, and results indicate agreement to within 1.5% [15] . Additionally, ASTER GEDv3 has shown good agreement with other coarser sensor LSE products such as Atmospheric Infrared Sounder (AIRS) [16] and MODIS [13, 17] . The ASTER GEDv3 is currently being distributed at the NASA Land Processes Distributed Active Archive Center (LP DAAC) at the U.S. Geological Survey (USGS) Earth Resources Observation and Science (EROS) with global coverage, and has been available since the end of 2012.
ASTER Vegetation and Snow Cover Adjustment
Since the ASTER GEDv3 product represents a mean emissivity climatology of ASTER data acquired over an 11-year period (2000-2010) , an emissivity adjustment is necessary over heterogeneous land cover types that are subject to annual and inter-annual land cover changes (e.g., due to snow and ice melt, and agricultural practices). The emissivity of vegetation and snow is fairly high and constant (~0.98-1.0). As a result, surfaces with high amounts of vegetation or snow cover reduce the amount of spectral variation. This relationship is used to adjust the ASTER GEDv3 emissivity product by either increasing or decreasing the spectral contrast as a simple function of the amount of snow or vegetation relative to the reference mean state. The methodology to create the vegetation and snow adjusted ASTER GEDv4 emissivity is described in Hulley et al. [14] . This allows the ASTER GEDv4 emissivity product to be produced at the same monthly resolution of the UW products. The snow cover amount is obtained from the standard MODIS snow cover maps (MOD10 product). The vegetation amount is obtained by applying the National Oceanic and Atmospheric Administration (NOAA) National Environmental Satellite, Data and Information Service (NESDIS) "Green Vegetation Fraction" approach to the NASA MOD13A3 monthly gridded normalized difference vegetation index (NDVI) product, whereby the current vegetation influence is estimated as f = (NDVI_current -NDVI_min)/(NDVI_max -NDVI_min) [18] . The NDVI is a well-tested and proven indicator of partial and emerging vegetation growth.
Aggregation of ASTER GED to 5-km Resolution
The ASTER GEDv3 is produced in 1 • × 1 • grids with a resolution of 0.001 • (~100 m), and consequently, the spectral emissivities are first aggregated to the UW database resolution of 0.05 • (5 km) before merging. It has been shown that a simple aggregation from fine to coarse resolution is valid only if the scene is homogeneous in emissivity and surface temperature [19] . In this case, the effective emissivity is simply an average of individual pixels, i. ε(ν) = 1/n ∑ ε(i, ν) i=1:n, where ε(ν) is the effective spectral emissivity for wavelength ν at the coarser resolution scale, and ε(i, ν) is the spectral emissivities for each pixel i at the finer resolution scale. This approach was used successfully in validating AIRS emissivities with the ASTER emissivity product over large homogenous sand seas [16] . However, over more heterogeneous cover types, this assumption breaks down due to a higher variability in the surface temperature distribution. A potential solution is to aggregate the surface emitted radiance for each pixel at the finer resolution scale (e.g., ASTER at 100 m), and then normalize with the radiance of an effective surface temperature at the coarser pixel scale (e.g., MODIS at 5 km), as follows:
where B ν (T i,s ) is the radiance for temperature T i,s for each pixel i at the finer resolution scale, and B ν T s is the radiance for an effective temperature T s at the coarser resolution scale. This method was used to intercompare emissivities from the ASTER GEDv4 with MODIS emissivities at a coarser scale over the southwestern United States (USA) [17] . The MODIS products known as MOD11C3 and ASTER GEDv4 are both level-3 gridded products. Since both the original pixel resolution of the ASTER GEDv3 (100 m) and MODIS (1 km) are resampled to 0.05 degree, any misregistration and geolocation inconsistencies between ASTER/MODIS are very likely to be negligible, particularly for thermal data. In addition, ASTER's geometric accuracy and pixel geolocation knowledge have exceeded the original goals of the project [20] . For Terra and Aqua MODIS instruments, specific correction approaches are implemented to ensure that the geolocation of individual MODIS observations are at the sub-pixel accuracy level [21] . Additionally, the MODIS Terra and Aqua band-to-band registration accuracy is under 50 m [22, 23] .
The UW Baseline Fit and High Spectral Resolution Land Surface Emissivity Database
At the University of Wisconsin-Madison, a monthly MODIS global IR land surface emissivity database (UW BF) was developed based on the standard monthly mean MODIS emissivity product at 10 wavelengths (3.6, 4.3, 5.0, 5.8, 7.6, 8.3, 9.3, 10.8, 12 .1, and 14.3 µm) at 5-km spatial resolution. The baseline fit method [24] , which was based on a conceptual model developed from laboratory measurements of surface emissivity, is applied to fill in the spectral gaps between the six available MODIS/MYD11 emissivity bands. The 10 wavelengths in the UW BF emissivity database were chosen as hinge points to capture as much of the shape of the higher resolution emissivity spectra as possible. This approach was extended by the method described in Borbas [11] and Masiello et al. [25] to provide 416 spectral points from 3.6 µm to 14.3 µm. The UW HSR emissivity algorithm is based on a principal component analysis (PCA) regression using the eigenfunction representation of high spectral resolution laboratory measurements from the ASTER spectral library [26] .
In the next section, the input data for the UW database are discussed. The quality and accuracy of those input data is important for determining the uncertainty of the CAMEL dataset.
Input MODIS MOD11 Products
The operational MODIS MOD11 surface temperature and emissivity products are generated over land in clear-sky conditions for day and night in 5-min granules for both NASA's Earth Observing System (EOS) Terra and Aqua satellites. The 5-min granule products are averaged to daily, eight-day, and monthly time scales, and the Level-3 gridded products are produced at 5-km spatial resolution.
The UW BF emissivity data is comprised of the monthly mean surface emissivity products (MOD11C3) that include IR land surface emissivity at six IR bands (20, 22, 23, 29, 31 , and 32) located in the 3.6-4.2 µm and the 8-13 µm atmospheric windows. The approach to derive the monthly mean land surface temperature and emissivity assumes emissivity, which is known as the day-night algorithm [27] , does not change between day and night at the same location over a period of a few days. This assumption is one of the sources of uncertainty for the CAMEL product. The Collection 4.0/4.1 (Col 4.0/4.1) MOD11C3 products are used as input to the UW BF database, even though newer Collections (Col 5 and 6) have been released since then. We have found that the Col 4.0/4.1 version has the best quality products. Significant differences were found between the MYD11 Col 4 and 5 data: higher emissivity values at the reststrahlen band over desert areas (see Figure 2) ; an increase in minimum emissivity for bands 20, 22, 23 , and 29 (3.7µm, 3.9 µm, 4.0 µm, and 8.5 µm, respectively) by~0.1; and a loss of variability for bands 31 and 32 (11 µm and 12 µm, respectively).
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The Laboratory Measurements
The CAMEL HSR algorithm takes advantage of a wide variety of laboratory measurements of terrestrial materials (minerals, soils, vegetation, fresh water, salt water, snow, ice, etc.) that have been collected at high spectral resolution for a continuous IR range [30, 31] . The laboratory measurements have the advantage of being performed using short path lengths and under purged conditions to Band20 Band20
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The CAMEL HSR algorithm takes advantage of a wide variety of laboratory measurements of terrestrial materials (minerals, soils, vegetation, fresh water, salt water, snow, ice, etc.) that have been collected at high spectral resolution for a continuous IR range [30, 31] . The laboratory measurements have the advantage of being performed using short path lengths and under purged conditions to minimize the effects of water vapor absorption (and other gases). They also take advantage of laboratory spectrometers that have resolving powers of 1000 or more. The laboratory measurements used to derive the emissivity in this paper were drawn from the MODIS emissivity library (http: //www.icess.ucsb.edu/modis/EMIS/html/em.html) at the University of California, Santa Barbara, and the ASTER spectral library [26] , including spectra from the John Hopkins University (JHU) Spectral Library, the JPL Spectral Library, and the United States (U.S.) Geological Survey (USGS) Spectral Library.
The MEaSUREs CAMEL database was extended to high spectral resolution using a PC regression analysis similar to the UW HSR algorithm. While the UW HSR algorithm includes 123 selected laboratory measurements, the CAMEL HSR algorithm now includes three sets of laboratory spectra, specifically 55 selected spectra (called version 8) for general use, 82 spectra (called version 10; version 8 + carbonates) for non-vegetated cases, and four snow/ice selected spectra (version 12). The three sets of CAMEL laboratory data and the UW HSR 123 selected laboratory measurements are presented in Figure 5 . If the snow fraction is larger than 0.5, only the new snow/ice set of PCs based on laboratory measurements is used. The three new sets of laboratory sets better characterize the emissivity spectra of the non-vegetated surface types and snow-covered areas.
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Emissivity Hinge-Points Methodology
The merging of the spectral emissivities from the five ASTER bands with the 10 hinge-point bands from the UW BF database and the determination of the CAMEL emissivity hinge points are summarized in Table 1 , and described below.
CAMEL hinge points between 3.6-7.6 µm: In the ASTER band gap of the SWIR and MIR region, the CAMEL emissivities between 3.6-7.6 µm are determined by the UW BF values only, and keep the location of the hinge points.
CAMEL hinge points at 10.6 µm and 11.3 µm: The 10.6 µm and 11.3 µm hinge points are added based on the additional observations from ASTER band 10.6 µm and 11.3 µm. CAMEL values at these hinge points are determined from the ASTER GEDv4 observations only.
CAMEL hinge point at 8.6 µm: This is the only hinge point where the MODIS band 29 (8.55 µm) and ASTER band 11 (8.6 µm) overlap; both have very similar spectral response functions. Since these two bands match closely, we used a weighting rule based on the uncertainties using a "combination of states of information" approach. In this approach, two pieces of information (e.g., two spectral 
CAMEL hinge points at 10.6 µm and 11.3 µm: The 10.6 µm and 11.3 µm hinge points are added based on the additional observations from ASTER band 10.6 µm and 11.3 µm. CAMEL values at these hinge points are determined from the ASTER GEDv4 observations only. CAMEL hinge point at 8.6 µm: This is the only hinge point where the MODIS band 29 (8.55 µm) and ASTER band 11 (8.6 µm) overlap; both have very similar spectral response functions. Since these two bands match closely, we used a weighting rule based on the uncertainties using a "combination of states of information" approach. In this approach, two pieces of information (e.g., two spectral emissivities ε(1, ν) and ε(2, ν) can be merged in a probabilistic manner by weighting each input based on its relative uncertainty, i.e., ε(ν) = [1/(w1 + w2)] [w1·ε(1, ν) + w2·ε(2, ν)], where w is a weighting factor based on an uncertainty, σ, as follows: w = 1/σ. To apply this method, we used 90% and 10% weights as the corresponding uncertainties for ASTER GEDv4 and UW BF on a pixel-by-pixel basis. Given the lack of uncertainty estimates in the MODIS (MOD11) product, the 90/10% weights are determined based on test case studies. In the future, when uncertainty estimates of the MODIS products are available, those weights will be adjusted and objectively defined based on the uncertainties in the input products (MODIS and ASTER). Since the ASTER GEDv4 has more bands that more accurately define the quartz doublets, ASTER band 11 (8.6 µm) gets the 90% weight for arid and semi-arid regions, while for all of the other cases, the UW BF hinge point 6 (8.3 µm) is weighted by the 90%. To determine the arid and semi-arid region, the ASTER NDVI (< 0.2) and ASTER 9.1-µm band (≤0.85) is used. Additionally, over the heavily vegetated tropical rainforests, the MODIS MOD11 emissivity suffers from cloud contamination, resulting in a low emissivity value at the reststrahlen band. To avoid this artifact over this region (±20 degree latitude band where ASTER NDVI is larger than 0.7 and UW BF emissivity at 8.6 µm is less than 0.96), the ASTER 11 (8.6 µm) is weighted by 90%.
CAMEL hinge points at 8.3 µm and 9.1 µm: The baseline fit procedure that was used in generating the UW BF product extends emissivity from MODIS band 29 (8.6 µm) to inflection points at 8.3 µm and 9.1 µm. The location of these inflection points was maintained, but the UW BF emissivities are improved by replacing the interpolated inflection points with retrieved ASTER emissivities from corresponding bands 10 (8.3 µm) and 12 (9.1 µm), and then adjusting them by the emissivity difference between the new CAMEL 8.6 µm and ASTER 8.6 µm bands. This significantly improves the spectral shape in the Si-O stretching region (8-12 µm).
CAMEL hinge point 10.8 µm:
The CAMEL emissivity at the 10.8-µm hinge point is determined as the linear combination of the ASTER band 10.6 µm and 11.3 µm emissivity.
CAMEL hinge points at 12.1 µm and 14.3 µm: The UW BF emissivities at 12.1 µm and 14.3 µm are adjusted by the differences between the UW BF 12.1 µm and ASTER 11.3 µm emissivities to be consistent with the 10.6-11.3 µm region (mostly ASTER-based observations) and improve the spectral shape in this TIR spectral region. A weighting factor is applied based on the difference between the UW BF 12.1 µm and ASTER 11.3 µm emissivities. If the UW BF emissivity value at 12.1 µm is larger than the value at ASTER 11.3 µm, it is likely that the input MOD11 data is not degraded (as is shown on the bottom panel of Figure 4 before 2011), and the weighting factor is 0, with no need for adjustment. If the difference is negative, suggesting that the UW BF 12.1 µm emissivity has likely degraded, so it is smaller than the ASTER 11.3 µm values, then the weighting factor varies based on the ASTER 11.3 µm emissivity value. The weighting factor is 1 or 2, depending on if the ASTER GEDv4 value is larger (likely vegetated or snow/ice covered surface) or smaller than 0.95 (likely mixed or unvegetated surface), respectively. If the weighting factor of 2 produces emissivity values larger than 1, the weighting factor is reduced to 1.5. Figure 7 shows an example of how much the combined 8.6-µm CAMEL emissivity field differs from the input UW BF and ASTER GEDv4 data for February 2004. The CAMEL emissivity agrees with the UW BF data over vegetated areas (white area) and is higher (yellow-orange) for non-vegetated and snow-covered areas (see Figure 7d) . Furthermore, the CAMEL emissivities agree with the ASTER GEDv4 emissivities over the arid, non-vegetated areas such as the Sahara Desert and Siberia (white areas), and is lower (blue) for vegetated scenes (See Figure 7e) . Figure 4 before 2011), and the weighting factor is 0, with no need for adjustment. If the difference is negative, suggesting that the UW BF 12.1 µm emissivity has likely degraded, so it is smaller than the ASTER 11.3 µm values, then the weighting factor varies based on the ASTER 11.3 µm emissivity value. The weighting factor is 1 or 2, depending on if the ASTER GEDv4 value is larger (likely vegetated or snow/ice covered surface) or smaller than 0.95 (likely mixed or unvegetated surface), respectively. If the weighting factor of 2 produces emissivity values larger than 1, the weighting factor is reduced to 1.5. Figure 7 shows an example of how much the combined 8.6-µm CAMEL emissivity field differs from the input UW BF and ASTER GEDv4 data for February 2004. The CAMEL emissivity agrees with the UW BF data over vegetated areas (white area) and is higher (yellow-orange) for nonvegetated and snow-covered areas (see Figure 7d) . Furthermore, the CAMEL emissivities agree with the ASTER GEDv4 emissivities over the arid, non-vegetated areas such as the Sahara Desert and Siberia (white areas), and is lower (blue) for vegetated scenes (See Figure 7e) . 
High Spectral Resolution Methodology
The MEaSUREs CAMEL 13 hinge-point database was extended to high spectral resolution to capture the small-scale fluctuations in emissivity that were not captured by the CAMEL 13 hinge point dataset.
The CAMEL HSR algorithm uses a PC regression analysis, which is similar to the method developed for the UW HSR Algorithm [11, 25] . We assume that emissivity can be derived as a linear combination of the first couple of eigenvectors (or principal components (PCs)) of the laboratory measurements, and that the linear relationship between emissivity spectra and PCs are the same at both moderate and high spectral resolution. 
The CAMEL HSR algorithm uses a PC regression analysis, which is similar to the method developed for the UW HSR Algorithm [11, 25] . We assume that emissivity can be derived as a linear combination of the first couple of eigenvectors (or principal components (PCs)) of the laboratory measurements, and that the linear relationship between emissivity spectra and PCs are the same at both moderate and high spectral resolution.
The PCs (eigenvectors) are generated using three sets of selected laboratory measurements (chosen to represent various surface types), and are regressed to the CAMEL 13 hinge points as follows:
where → e [nh] is the CAMEL emissivity on 13 hinge points,
is the PCA coefficient vector, and U[npc,nh] is the matrix of the PCs of the lab emissivity spectra on the reduced spectral resolution. The nh stands for the number of hinge points, which is 13 in our case, and npc is the number of eigenvectors. The coefficient can be calculated then:
After calculating the coefficients ( → c ), the high spectral resolution emissivity values are determined using Equation (2) at the same latitude and longitude point by using the high spectral resolution PCs of the laboratory sets. This time, the U matrix sizes are [npc,nhsr], where nhsr stands for the number of high spectral resolution wavenumber points.
In the HSR emissivity algorithm, the ( → e ) is actually the difference of the emissivity spectra from the mean (E lab ) of the selected laboratory dataset (e.g., "general", "general+carbonates", or "snow/ice"), so Equation (3) becomes:
Then, the high spectral resolution emissivity → e h is calculated:
There are two primary updates in the CAMEL HSR algorithm from the UW HSR algorithm: one is the number of principal components (PCs) determination (this will be discussed in the next section), and the other is the selection of the laboratory measurements. While the UW HSR algorithm includes only one set of laboratory measurements for all of the surface types, the CAMEL HSR algorithm uses three sets of laboratory measurements based on the surface scene type and coverage: one for general purpose (55 spectra), one for arid areas, which includes more carbonate measurements (82 spectra), and a separate snow/ice set, which includes only snow and ice laboratory measurements (four spectra) (see Section 2.3 for more details). With these three separate categories, false spectral features have been avoided that occasionally occurred in the UW HSR emissivities. For example, the quartz doublet feature sometimes erroneously appeared over fully snow-covered areas. Table 2 summarizes the methodology used to determine which laboratory set would be used for a given pixel. First, a carbonate test is performed that is based on the laboratory measurements. A pixel falls into the non-vegetated and carbonate category if the ASTER NDVI is less than 0.2, the CAMEL emissivity at 10.6 µm is larger than the 11.3 µm emissivity by more than 0.009, and the CAMEL emissivity in the SWIR region is lower than 0.9. If the carbonate test is true, the Version 10 laboratory dataset is assigned, and if it fails, then the "general" Version 8 laboratory dataset is assigned to the pixel. In the general category, the quartz doublet feature can be present, which requires more PCs to capture it accurately. To determine the scene over a bare and sandy area, the 9.1-µm emissivity is used. If it is lower than 0.85, the surface probably contains quartz. Figure 8 shows an example of applying the PC regression fit to the CAMEL LSE ESDR product at 13 points over the Namib Desert, Namibia. Comparisons of the CAMEL emissivity with lab emissivity spectra from field sand samples show very good agreement, particularly in the quartz doublet regions at 8.5 µm and 12.5 µm when compared with the UW HSR. Biases and root mean square errors were reduced by 3% and 4%, respectively, by using the CAMEL product instead of the UW HSR product. This case failed the carbonate test, but the 9.1-µm CAMEL emissivity was less than 0.85; hence, the Version 8 (general) laboratory set with nine PCs was determined by the CAMEL HSR algorithm. The determination of the number of PCs is explained in more detail in the next section. To determine the scene over a bare and sandy area, the 9.1-µm emissivity is used. If it is lower than 0.85, the surface probably contains quartz. Figure 8 shows an example of applying the PC regression fit to the CAMEL LSE ESDR product at 13 points over the Namib Desert, Namibia. Comparisons of the CAMEL emissivity with lab emissivity spectra from field sand samples show very good agreement, particularly in the quartz doublet regions at 8.5 µm and 12.5 µm when compared with the UW HSR. Biases and root mean square errors were reduced by 3% and 4%, respectively, by using the CAMEL product instead of the UW HSR product. This case failed the carbonate test, but the 9.1-µm CAMEL emissivity was less than 0.85; hence, the Version 8 (general) laboratory set with nine PCs was determined by the CAMEL HSR algorithm. The determination of the number of PCs is explained in more detail in the next section.
The snow fraction based on the MODIS MOD10 product has been added to the ASTER GEDv4, and hence to the CAMEL products, to improve the emissivity determination over snow and ice. In the CAMEL algorithm, if the snow fraction is larger than 0.5, then the snow/ice laboratory dataset (Version 12) is used with two PCs. The emissivity over fully snow and ice-covered areas is improved [32] , but the 0.5 threshold assumption may need to be modified for partially snow/ice covered areas. A blended average emissivity between the snowy and not snowy emissivity spectra for a single pixel based on the snow fraction may be a better approach in the future. showing the emissivity spectra over the Namib Desert, Namibia. UW BF emissivity for January 2004 (crosses) and hyperspectral fit (red line), the CAMEL 13 hinge-point emissivity (blue dots) and hyperspectral fit (blue line), and lab spectra (black) of sand samples collected over the Namib Desert. Note the improved spectral shape in CAMEL HSR (blue) in the quartz doublet regions between 8-10 µm and 12-13 µm.
Determining of the Number of Principal Components to Use
In the PCA regression method, the first PCs with the highest eigenvalues represent real variations in the data while the last, least significant PCs most often represent random white noise. In this study, the maximum number of PCs allowed is 13, due to the number of spectral points of the input CAMEL hinge-point emissivities. However, use of the maximum number or close to the maximum number of PCs sometimes makes the solution unstable.
To determine the appropriate number of PCs to use, we first determine the percentage cumulative variance (PCV) function and eigenvalues of the three laboratory datasets. This was then followed by spectral reconstruction for the selected case sites, which were selected to cover the major global surface types, such as the sandy desert location over Namib (see also Figure 8 ), the rocky carbonated surface type over Yemen, seasonal vegetation cover at the Atmospheric Radiation Measurement (ARM) Cart site, a mountainous region at Mt. Massive, which is covered by forest and snow in the winter, and the permanently snow-covered location at Greenland. For these locations, the number of PCs was chosen to reconstruct high spectral emissivity spectra. The reconstructed spectra were subsequently compared to laboratory measurements or other in situ measurements. More details about the validation are provided in Part 2 of this paper [32] . Figure 8 . The advantages of combining the ASTER GEDv4 and UW BF databases are evident here, showing the emissivity spectra over the Namib Desert, Namibia. UW BF emissivity for January 2004 (crosses) and hyperspectral fit (red line), the CAMEL 13 hinge-point emissivity (blue dots) and hyperspectral fit (blue line), and lab spectra (black) of sand samples collected over the Namib Desert. Note the improved spectral shape in CAMEL HSR (blue) in the quartz doublet regions between 8-10 µm and 12-13 µm.
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The snow fraction based on the MODIS MOD10 product has been added to the ASTER GEDv4, and hence to the CAMEL products, to improve the emissivity determination over snow and ice. In the CAMEL algorithm, if the snow fraction is larger than 0.5, then the snow/ice laboratory dataset (Version 12) is used with two PCs. The emissivity over fully snow and ice-covered areas is improved [32] , but the 0.5 threshold assumption may need to be modified for partially snow/ice covered areas. A blended average emissivity between the snowy and not snowy emissivity spectra for a single pixel based on the snow fraction may be a better approach in the future.
Determining of the Number of Principal Components to Use
To determine the appropriate number of PCs to use, we first determine the percentage cumulative variance (PCV) function and eigenvalues of the three laboratory datasets. This was then followed by spectral reconstruction for the selected case sites, which were selected to cover the major global surface types, such as the sandy desert location over Namib (see also Figure 8 ), the rocky carbonated surface type over Yemen, seasonal vegetation cover at the Atmospheric Radiation Measurement (ARM) Cart site, a mountainous region at Mt. Massive, which is covered by forest and snow in the winter, and the permanently snow-covered location at Greenland. For these locations, the number of PCs was chosen to reconstruct high spectral emissivity spectra. The reconstructed spectra were subsequently compared to laboratory measurements or other in situ measurements. More details about the validation are provided in Part 2 of this paper [32] .
The left panels of Figure 9 show the number of PCs that were chosen for the three lab datasets, as well as the optimal number of PCs that were determined where the PCV value equaled 0.999. The right panels illustrate the eigenvalues of the laboratory datasets. The nature of the eigenvalues becomes less significant after the first eight eigenvectors for Version 8 and Version 10, and after two eigenvectors for Version 12, which indicates that the optimal number of PCs can be as low as nine for Version 8 and Version 10, and two for Version 12. The optimal number of PCs was then finalized based on inspecting the case studies.
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The left panels of Figure 9 show the number of PCs that were chosen for the three lab datasets, as well as the optimal number of PCs that were determined where the PCV value equaled 0.999. The right panels illustrate the eigenvalues of the laboratory datasets. The nature of the eigenvalues becomes less significant after the first eight eigenvectors for Version 8 and Version 10, and after two eigenvectors for Version 12, which indicates that the optimal number of PCs can be as low as nine for Version 8 and Version 10, and two for Version 12. The optimal number of PCs was then finalized based on inspecting the case studies. For example, for the Yemen case (Figure 10a) , the optimal number of PCs would be 19 ( Figure  9 , middle panel), but the emissivity spectra with more than five PCs starts capturing less of the carbonated (dip) feature in the 6-7 µm spectral region. For a general case such as that over the ARM cart site (Figure 10b) , the emissivity spectra with seven PCs captures more of the flat shape of the emissivity spectra between the 5-8 µm region than with that nine PCs. However, for the same "general" laboratory set, over the Namib Desert (Figure 10c) , nine PCs better captures the quartz doublet feature. For the snow/ice laboratory dataset, the chosen number of PCs is identical with the For example, for the Yemen case (Figure 10a) , the optimal number of PCs would be 19 ( Figure 9 , middle panel), but the emissivity spectra with more than five PCs starts capturing less of the carbonated (dip) feature in the 6-7 µm spectral region. For a general case such as that over the ARM cart site (Figure 10b) , the emissivity spectra with seven PCs captures more of the flat shape of the emissivity spectra between the 5-8 µm region than with that nine PCs. However, for the same "general" laboratory set, over the Namib Desert (Figure 10c) , nine PCs better captures the quartz doublet feature. For the snow/ice laboratory dataset, the chosen number of PCs is identical with the optimal number of PCs (equal two) determined by the PCV function and eigenvalues (see the bottom panels of Figures 9 and 10d) . 
CAMEL Products
As noted earlier, the CAMEL dataset includes monthly global records of emissivity and uncertainty at 13 hinge points between 3.6-14.3 µm, as well as PCA coefficients at 5-km resolution for the years 2000 to 2016. A HSR algorithm is also provided for HSR applications. Detailed information about these file specifics is provided in the CAMEL Users' Guide [33] .
The input UW BF emissivity database of the CAMEL dataset is based on the Aqua/MODIS MYD11 monthly mean emissivity product. For the time period between 2000 and 2002, when the Aqua satellite was not yet launched, the Terra/MODIS MOD11C3 monthly mean emissivities are used to produce the UW BF data, which are subsequently input to the CAMEL database. To check the data consistency and continuity of the Aqua and Terra MODIS, time series of CAMEL, ASTER, Aqua/MODIS MYD11, and Terra/MODIS MOD11 are compared over four case study sites. Figure 11 demonstrates unbiased and consistent agreement between Aqua and Terra MOD11 products over a Rocky Mountain case site for five common wavelengths. The peaks in the CAMEL products during 
The input UW BF emissivity database of the CAMEL dataset is based on the Aqua/MODIS MYD11 monthly mean emissivity product. For the time period between 2000 and 2002, when the Aqua satellite was not yet launched, the Terra/MODIS MOD11C3 monthly mean emissivities are used to produce the UW BF data, which are subsequently input to the CAMEL database. To check the data consistency and continuity of the Aqua and Terra MODIS, time series of CAMEL, ASTER, Aqua/MODIS MYD11, and Terra/MODIS MOD11 are compared over four case study sites. Figure 11 demonstrates unbiased and consistent agreement between Aqua and Terra MOD11 products over a Rocky Mountain case site for five common wavelengths. The peaks in the CAMEL products during the winter months reflect the snow cover over the area.
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product. The quality values 2, 3, and 4 indicate when either UW BF, ASTER GEDv4, or both are filled from nearby valid grid cell estimates or from the average value of the neighboring months or yearly data. The quality flag can also be used as a sea/land mask. A zero value means sea or inland water, while a non-zero value is over land. The product uncertainty is estimated by a total emissivity uncertainty comprised of three independent components: temporal, spatial, and algorithm variability. Each measure of uncertainty is provided for all 13 hinge points and at every latitude-longitude point. The total uncertainty is calculated from the components as a root square sum. Part 2 of this paper [32] provides detailed information on how each component is determined.
Applications
Within the NASA MEaSUREs LST&E project, the surface emissivity product plays a critical role in the estimating of surface skin temperature derived from satellite remote sensing [33] . In particular, the intent of the MEaSUREs LST&E project is to unify the global LST estimates from polar orbiting and geostationary satellites through the use of a common emissivity database. Another important application of the CAMEL emissivity database is for medium range weather forecasting, where variability in land surface emissivity has led to the blacklisting (i.e., neglect) of infrared satellite The CAMEL emissivity products also include the MOD10 snow fraction, the ASTER NDVI, and a quality flag for each pixel. The CAMEL quality flag is determined based on the quality flags of the two input datasets (see Table 3 ). It ranges from 1 as the best quality to 4 as the least confident quality product. The quality values 2, 3, and 4 indicate when either UW BF, ASTER GEDv4, or both are filled from nearby valid grid cell estimates or from the average value of the neighboring months or yearly data. The quality flag can also be used as a sea/land mask. A zero value means sea or inland water, while a non-zero value is over land. The product uncertainty is estimated by a total emissivity uncertainty comprised of three independent components: temporal, spatial, and algorithm variability. Each measure of uncertainty is provided for all 13 hinge points and at every latitude-longitude point. The total uncertainty is calculated from the components as a root square sum. Part 2 of this paper [32] provides detailed information on how each component is determined.
Within the NASA MEaSUREs LST&E project, the surface emissivity product plays a critical role in the estimating of surface skin temperature derived from satellite remote sensing [33] . In particular, the intent of the MEaSUREs LST&E project is to unify the global LST estimates from polar orbiting and geostationary satellites through the use of a common emissivity database. Another important application of the CAMEL emissivity database is for medium range weather forecasting, where variability in land surface emissivity has led to the blacklisting (i.e., neglect) of infrared satellite measurements that are not accurately represented by the forecast model, i.e., due to a lack of knowledge of land surface properties [34] . In numerical weather prediction (NWP), the surface emissivity contributes to both the land surface model and the assimilation of satellite infrared radiance channels.
NWP land surface models attempt to model the diurnal variation of surface air temperature using a broadband radiative balance between incoming short-wave heating and long-wave cooling [35] . Due to a prior lack of spatially and temporally variant global broadband emissivity (BBE) measurements, it has been common practice in land surface models to set BBE as a single constant for all land types. This may lead to systematic biases in the estimated net radiation for any particular location and time. The CAMEL HSR product provides an opportunity to create a monthly mean BBE product [36] by numerical integration over the CAMEL spectrum. Initial investigations show that improved estimates of variations over time and land cover classification are more realistic when using BBE derived from the CAMEL dataset [37] .
An accurate emissivity is also required for any application involving calculations of brightness temperatures, such as the assimilation of radiances into global weather (or climate) models. For example, an interface to the HSR emissivity algorithm with the emissivity database was implemented into the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) Numerical Weather Prediction Satellite Application Facilities (NWP SAF) Radiative Transfer for Television Infrared Observation Satellites (TIROS) Operational Vertical Sounder (RTTOV) model Version 10 (UWIREMIS) and 12 (CAMEL). The implementation, testing, and evaluation of that HSR emissivity module is described in Borbas and Ruston [11] . The RTTOV model [38] is the primary tool used at the Met Office in the United Kingdom (UK) and European Centre for Medium-range Weather Forecasting (ECMWF) for the assimilation of high spectral resolution infrared sounders, including the NASA Aqua AIRS, the EUMETSAT Meteorological Operational Satellite (METOP) Infrared Atmospheric Sounding Interferometer (IASI), and the Suomi National Polar-orbiting Operational Environmental Satellite System (NPOESS) Preparatory Project (S-NPP)/NOAA-20 Cross-track Infrared Sounder (CrIS) sensors. The surface emissivity is used to provide the boundary condition for computing the upwelling radiance from the surface. Spectral errors in surface emissivity can lead to misinterpretation of the IR observations and errors in the derived air temperature or moisture profiles. Table 4 includes a summary of the main differences between the RTTOV Version 10 and Version 12 land surface IR emissivity modules, e.g., the different input datasets and spatial resolution. The CAMEL module kept the original 0.05 • × 0.05 • , while the UWIREMS module was degradated to 0.1 • × 0.1 • spatial resolution. In addition, the new CAMEL module uses three laboratory datasets, with various numbers of PCs based on surface scene and coverage, as described in Section 3.2. The geographical locations where significant improvements are expected in RTTOV performance using the CAMEL module in Version 12 versus the UWIREMIS module in Version 10 are over snow/ice surfaces and non-vegetated surfaces including bare soil, sand, and rock (including quartz and carbonates). To ascertain these improvements, IASI observed brightness temperatures were compared to those calculated using the RTTOV UW IR emissivity (UWIREMIS) module based on (1) the UW BF, and (2) the NASA MEaSUREs CAMEL database. The debiased variances over the 3.6-5 µm, 8-9 µm, and 10-13 µm spectral region are calculated and used as the indicator for an improved emissivity estimate. Figures 12 and 13 [32] . A related near-real time application of the CAMEL emissivity is to improve the training sets used to derive the temperature and moisture profiles from the high spectral resolution sounders [39] . The advantage of using the CAMEL database in a retrieval algorithm as a first guess and also in the training phase is demonstrated for the EUMETSAT IASI Algorithm [40] . Similar studies are underway at NOAA for application to the operational CrIS sensor with an emphasis on trace gas retrievals over land [41] . 
Conclusions and Future Plans
The CAMEL database was created by merging the UW MODIS-based emissivity database (UW BF) developed at the University of Wisconsin-Madison, and the ASTER Global Emissivity Dataset Version 4 produced at JPL. The new CAMEL database is integrated to capitalize on the unique strengths of each product's characteristics. The CAMEL ESDR includes monthly global records of emissivity and related uncertainties at 13 hinge points between 3.6 and 14.3 µm, as well as PCA coefficients at 5-km resolution for the years 2000 through 2016. A HSR algorithm has been developed for HSR applications, such as in data assimilation schemes and radiative transfer models that require accurate high spectral resolution emissivity as a first guess for hyperspectral resolution retrieval schemes such as those for AIRS, IASI, and CrIS. This paper describes the 13 hinge-point combination methodology and the high spectral resolution algorithm, and reports on the current status of the dataset. The CAMEL products are evaluated extensively with laboratory measurements over different field sites, with IASI climatological data [42] and using the RTTOV forward model for IASI brightness temperature simulation. Part 2 [32] of this paper provides more information about the results of these validations and evaluations.
The input of the UW BF dataset required for producing CAMEL is the MODIS MOD11C3 monthly mean emissivity products, which includes emissivity at six IR bands. The climate quality of the UW BF dataset is affected by changes over time in the quality of the MOD11 products. In 2017, the processing of the MOD11C3 Col 4.1/5 product was discontinued and replaced by a new Col6 product with some major differences and consequences for CAMEL. The discontinuation of the Col4.1/5 MOD11C3 products and a bug in the Col6 products requires a transition to the new MOD21 emissivity products developed by JPL, which will soon be available. We anticipate that the transition from MOD11 to MOD21 for CAMEL Version 2 will improve the product accuracy and reduce the systematic and timedependent errors that have been identified in CAMEL Version 1 (V1).
In CAMEL V1, a distinct set of laboratory measurements (including snow and ice spectra) are uniquely assigned to snow-covered areas. The snow emissivity that was derived using the unique snow/ice emissivity spectra is calculated for 5 km × 5 km pixels where the snow fraction (derived from MOD10) is >0.5. This is not optimal for pixels covered partially by snow. In the future, we plan to determine the emissivity as a linear blend of the snow and underlying land emissivity values A related near-real time application of the CAMEL emissivity is to improve the training sets used to derive the temperature and moisture profiles from the high spectral resolution sounders [39] . The advantage of using the CAMEL database in a retrieval algorithm as a first guess and also in the training phase is demonstrated for the EUMETSAT IASI Algorithm [40] . Similar studies are underway at NOAA for application to the operational CrIS sensor with an emphasis on trace gas retrievals over land [41] .
The input of the UW BF dataset required for producing CAMEL is the MODIS MOD11C3 monthly mean emissivity products, which includes emissivity at six IR bands. The climate quality of the UW BF dataset is affected by changes over time in the quality of the MOD11 products. In 2017, the processing of the MOD11C3 Col 4.1/5 product was discontinued and replaced by a new Col6 product with some major differences and consequences for CAMEL. The discontinuation of the Col4.1/5 MOD11C3 products and a bug in the Col6 products requires a transition to the new MOD21 emissivity products developed by JPL, which will soon be available. We anticipate that the transition from MOD11 to MOD21 for CAMEL Version 2 will improve the product accuracy and reduce the systematic and time-dependent errors that have been identified in CAMEL Version 1 (V1).
In CAMEL V1, a distinct set of laboratory measurements (including snow and ice spectra) are uniquely assigned to snow-covered areas. The snow emissivity that was derived using the unique snow/ice emissivity spectra is calculated for 5 km × 5 km pixels where the snow fraction (derived from MOD10) is >0.5. This is not optimal for pixels covered partially by snow. In the future, we plan to determine the emissivity as a linear blend of the snow and underlying land emissivity values weighted by the observed snow fraction. This should lead to improvements in high latitude forest regions and in transition zones at mid-latitudes.
The MOD11 emissivity product input to CAMEL uses a day/night algorithm with the assumption that day and night emissivity does not change over a period of a few days. That inherent assumption could introduce an error, such as if, for example, the day/night emissivity changes due to soil moisture, snowmelt, or any rapid changes in surface (e.g., fire). However, this error is very difficult to quantify, and there are no uncertainty estimates of this provided in the original MODC3 products developed by Wan et al. [27] . Masiello et al. [25] used IASI observations, and Li et al. [43] used geostationary satellite data over the Sahara Desert to show that the IR emissivity between 8.7-12 µm has a diurnal variation. The strongest diurnal effect occurs at 8.7 µm, with the highest value at night and the lowest value during the day. The diurnal effect is the weakest at 12 µm, with an opposite feature. The assumption of equal day-night emissivity can result in as much as a 2% emissivity error at 8.7 µm over desert. In future work, we plan to investigate whether there is a diurnal effect in the MODIS product, and how much it contributes to CAMEL uncertainties.
The CAMEL V1 does not yet include an angular dependence to the emissivity. However, laboratory measurement studies [44] [45] [46] show an angular variation in thermal IR emissivity in the 8-14 µm spectral band for non-vegetated soils and samples, while homogeneous grass, for example, does not show a strong angular dependence. Garcia-Santos et al. [47] and Ruston et al. [48] found that the emissivity change is small for viewing angles lower than 40 • , but at higher viewing angles, the emissivity decreased significantly. Garcia-Santos et al. established a relationship to take into account the viewing zenith angle dependencies for a range of soil types. In contrast to the bare soils, vegetated surfaces can exhibit a "canopy" effect where the emissivity value actually increases along with the viewing angle. Borbas et al. [49] , under a EUMETSAT NWP-SAF Associate Scientist Mission, investigated the angular dependence of the IR emissivity using satellite retrieved measurements over the IR spectrum derived from the CrIS as a function of International Geosphere-Biosphere Programme (IGBP) ecosystem types, wavelengths, and seasons. The difference between the mean emissivity at nadir (0 • ) and the maximum of 60 • shows a 6.8% and 8.0% increase at 3.7 µm and 4.3 µm, respectively, during daytime, and 3.2% and 6.4% during nighttime. Over the TIR region, the land surface emissivity does not vary much, so the angular changes are much smaller as well. Decreases of 1.1% and 0.9% in emissivity were observed at 12.1 µm. We are planning to develop a parameterization correction/function for angle dependence, which will be incorporated into the CAMEL algorithm uncertainty based on results from Garcia-Santos et al. [47] and Ruston et al. [48] . Our goal is to provide improved uncertainty estimates for high viewing angles based on these results, which will help promote the use of improved climate quality products for all view angle geometry configurations.
The CAMEL database unifies the infrared emissivity measurements from NASA sensors under the umbrella of a NASA MEASURES LST&E project. The CAMEL dataset is expected to decrease the errors in LST estimation from moderate spatial resolution satellites by providing realistic surface emissivity estimates with global coverage and monthly temporal sampling at 5-km resolution. Applications to NWP short and medium range weather forecasting are in progress, with the potential for climate applications as the emissivity record is extended in time using NOAA satellites.
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